Introduction: Scarring is an unfortunate clinical outcome of acne. Current treatment options for atrophic acne scars are dominated by nonpharmacological, invasive procedures which may not be suitable or affordable to all patients. This phase II, single-center, open-label, exploratory study assessed the efficacy, safety and subject-reported outcomes of adapalene 0.3% gel in the treatment of atrophic acne scars. Methods: The study included subjects aged 18-50 years with past history of acne and moderate to severe facial atrophic acne scars. Subjects received adapalene 0.3% gel once daily for the first 4 weeks and twice daily for the following 20 weeks. Assessments were performed at baseline, day 10 and weeks 4, 8, 16 and 24, and at post-treatment follow-ups (weeks 36 and 48-72).
INTRODUCTION
Acne vulgaris affects approximately 85% of youths (aged 12-24 years), and its occurrence is not uncommon in adults [1] [2] [3] [4] . Although acne can be treated effectively, in many cases scarring is an unfortunate clinical outcome of this condition [5] . Acne scars result from delayed or inadequate treatment and healing of inflammatory acne lesions [6] . Their clinical appearance ranges from hypertrophic and keloidal scars to atrophic scars [7] [8] [9] . Atrophic scars are the most common type and may cause serious physical and emotional scarring, impacting patients' quality of life [10] . The severity of scars is correlated with acne grade and the delay between onset of the disease and initiation of treatment.
Current treatment modalities for atrophic acne scars are dominated by non-pharmacological interventions and require invasive procedures (laser resurfacing, volumizing fillers, dermabrasion, microneedling, radiofrequency, subcision and excisional techniques) to improve appearance [11] [12] [13] . However, these invasive procedures may not be suitable or affordable to all patients. Finding effective nonprocedural medical treatments has proven challenging, in part due to persistent dermal tissue loss.
Loss of dermal matrix is a contributing factor in atrophic acne scarring and involves the degradation of collagen, especially during the inflammatory phase of acne lesions [14, 15] . Activation of transcription factor AP-1 stimulates the formation of matrix-degrading metalloproteinases (MMPs), which degrade extracellular matrix molecules during physiological and pathological tissue remodeling. Studies have shown that the levels of MMP-1 (interstitial collagenase), MMP-3 (stromelysin-1) and MMP-9 (gelatinase-B) are increased in inflammatory acne lesions [14] [15] [16] [17] . Of note, photoaging is also characterized by the loss of dermal matrix, resulting from the same MMPs shown to play a role in inflammatory acne lesions [14, [16] [17] [18] [19] .
Use of topical retinoids has been approved by the U.S. Food and Drug Administration (FDA) for the treatment of acne and photodamaged skin. In photodamaged skin, levels of both type I and III procollagen (Procol-1 and Procol-3, respectively) are reduced. Several studies have demonstrated that topical retinoidmediated improvement in fine wrinkles of photoaged skin is accomplished through partial restoration of reduced levels of collagen in sunexposed skin toward those observed in sunprotected skin [19] [20] [21] . The ability of topical retinoids to stimulate dermal fibroblasts to increase the production of procollagen in photoaged skin is well established [16, 18, 19] . Furthermore, topical tretinoin has a protective effect against ultraviolet radiation-induced loss of procollagen by antagonizing transcription factor AP-1, thereby blunting the increase in MMP synthesis [16, 18, 19] .
Adapalene 0.3% gel is approved in the USA for the treatment of acne with demonstrated efficacy [22] [23] [24] and a favorable tolerability profile compared to other retinoids [22] [23] [24] [25] . Adapalene 0.1% and 0.3% gel formulations have been shown to treat actinic keratoses and solar lentigines, and improve the effects of photodamage (fine and coarse wrinkles, mottled hyperpigmentation, and sallow complexion) [26] . As both photodamaged skin and atrophic acne scars share the feature of dermal matrix loss, adapalene 0.3% may potentially exert a beneficial effect in the treatment of atrophic acne scars, similar to its effect on photoaging.
This exploratory study assessed the efficacy and safety of adapalene 0.3% gel in the treatment of atrophic acne scars. For a subgroup of patients, skin biopsy samples were analyzed for molecular markers to ascertain changes induced by the topical retinoid. Subject-reported outcomes were also investigated through subject satisfaction and quality-of-life questionnaires.
METHODS

Study Design
This was a phase II, single-center, open-label pilot study including subjects aged 18-50 years. Subjects had a past history of acne (no active acne lesions at time of enrollment), moderate to severe facial atrophic acne scars (grade 3 or 4 according to the Goodman-Baron system [8] ) and presence of at least 5 atrophic acne scars of any type within a 3 9 3-cm (9-cm 2 ) area designated as the region of interest (ROI). The atrophic scars were classified as icepick (0.5-1.5 mm), boxcar (1.5-4 mm) or rolling ([ 4 mm).
All subjects received topical treatment with adapalene 0.3% gel (DifferinÒ 0.3%; Galderma Laboratories, Fort Worth, TX, USA) once daily for the first 4 weeks and twice daily for the following 20 weeks. Skin cleanser, moisturizing lotion and SPF50 sunscreen were provided to all subjects.
The total duration of treatment was 24 weeks, with visits at baseline, day 10 and weeks 4, 8, 16 and 24. Post-treatment follow-up included onsite visits at weeks 36 and 48-72 (i.e. anytime between 6 and 12 months after treatment). Patients with a prior history of dermabrasion or laser resurfacing on the face were excluded. Patients with a treatment history of\4 weeks for topical retinoid and alpha/beta hydroxy acids,\ 3 months for microdermabrasion and \ 6 months for oral retinoids were also excluded.
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee, and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all individual participants included in the study. This study was approved by institutional review boards, and all subjects provided written informed consent (ClinicalTrials.gov identifier NCT01213199).
Assessments
Efficacy (Full Face and ROI) Efficacy was assessed clinically for the full face and the ROI by a single investigator. Full-face assessments included global scarring grade (at baseline and weeks 16 and 24) and investigator and subject global assessment (IGA and SGA, respectively) of improvement in skin texture and atrophic acne scars (at weeks 16 and 24) . Post-treatment follow-up visits (at weeks 36 and 48-72) were included to assess the clinical effect of the study drug after treatment termination.
Assessment of efficacy in the ROI included atrophic scar counts (at baseline and weeks 16, 24, 36 and 48-72). In addition, skin biopsies were obtained from study patients to ascertain any molecular alterations that may explain potential clinical improvement.
Punch biopsy specimens (diameter: 3 mm) were obtained at baseline and week 24 from similar atrophic acne scars that were symmetrical and localized on the same anatomical area.
The first ten subjects were designated to have a biopsy for immunohistochemistry (IHC) studies. The remaining ten subjects were designated to have a biopsy for transcriptomics analysis. Standard IHC methods were used to examine the expression levels of dermal matrix molecules, including Procol-1 and Procol-3. Immunostaining was quantified using the Bakos semi-quantitative method [27] for intensity and depth, and an image analysis program to quantify staining intensity (ScanScopeÒ; Aperio, Vista, CA, USA). Semi-quantitative IHC results were examined by two independent observers blinded as to whether the samples were pre-or post-treatment. In order to evaluate the expression of these substrates, the semiquantitative method suggested by Bakos et al. was used where 0 indicates the absence of expression; ?, weak expression; ??, moderate expression; ???, strong expression [27] . For the computer analysis of staining, whole-slide scanning was used to capture high-resolution images by the ScanScopeÒ system. Images were analyzed using color deconvolution and automated algorithms to quantify staining intensity.
Biopsy samples for the microarray analysis were stored in RNA Stabilization Reagent (Qiagen, Hilden, Germany). Total RNA was extracted using miRNeasy extraction kits (Qiagen). RNA quantity was measured using a Nanodrop spectrophotometer ND8000 (Thermo Fisher Scientific, Waltham, MA, USA). RNA quality was monitored using a 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). Probes were synthesized and hybridized on Affymetrix U133 Plus 2.0 chips (Affymetrix, Santa Clara, CA, USA). Expression data from the Affymetrix GeneChips were normalized using the Robust Multiarray Analysis [28, 29] .
Safety
Safety assessments were performed at each visit, with a focus on local tolerability parameters (erythema, scaling, dryness, and stinging/burning) and the recording of adverse events (AEs).
Subject-Reported Outcomes
Subject-reported outcomes were assessed using the Dermatology Life Quality Index (DLQI) completed at baseline and last visit. Additionally, a study-specific 7-item subject satisfaction questionnaire was completed at the last visit [30, 31] .
Statistical Analysis
Analysis of variance (ANOVA) was performed to examine the differences in grading over time from baseline to week 24 for facial global scarring grade, patient and investigator scar assessment, individual scar counts, and tolerability assessments. In addition, post-treatment data (week 48-72), specific to scarring grades and lesion counts, were collected from 16 subjects and compared to data collected at baseline, week 16, and week 24.
Frequencies for each item on the DLQI and subject satisfaction questionnaire were created, and these were compared at baseline/week 24 using t tests. Four scores were derived and analyzed from the DLQI survey, namely total, symptoms and feelings, personal relationships, and treatment).
For the IHC analysis, computer-assisted color deconvolution and semi-quantitative scoring of immunostaining intensity were performed by two independent observers. For the automated color deconvolution algorithms, a paired Student's t test was performed to determine any significant difference in positive Procol-1 and collagen-3 (Col-3) staining within a pre-defined ROI at baseline and week 24 (significance p \ 0.05). For the Bakos method, intensity scores of 0, ?, ??, and ??? were converted to an ordinal scale of 0, 1, 2, and 3, respectively. Scores following 24 weeks of retinoid therapy relative to baseline scores were compared using the Wilcoxon signed-rank test. Calculations were conducted using the Stata version 14.0 software (StataCorp LP, College Station, TX, USA).
For large-scale gene expression, data analysis was performed using the Array Studio software (OmicSoft, Cary, NC, USA). Principal component analysis showed that one sample was an outlier and, therefore, the data from this subject were excluded from subsequent analysis. A twosided paired t test was applied to compare genes significantly differentially expressed at week 24, and the Benjamini-Hochberg procedure was used for correction of multiple testing [32] .
RESULTS
Demographics and Baseline Characteristics
A total of 20 subjects were treated at one study site in the USA. The mean age was 35.7 years and slightly more than half of the subjects were male (55%). Scarring grade at baseline was moderate in 60% of subjects and severe in the remaining subjects. Subjects reported a very long duration of both acne (mean 22.9 years) and facial acne scars (mean 19.3 years) ( Table 1) .
Of the 20 subjects enrolled, 18 (90%) completed the treatment (i.e. week 24), and 16 (80%) attended the post-treatment follow-up visits. The four subjects (20%) who discontinued the study were lost to follow-up. No subject discontinued treatment due to an AE. Of the ten subjects selected to have a biopsy for IHC studies and reverse transcription-PCR assessment, two subjects did not agree to undergo the procedure (i.e. N = 8). For the transcriptomics analysis, three of the ten subjects planned to have a biopsy declined to undergo the procedure (i.e. N = 7).
Efficacy
Global Scarring Grade
According to full-face global scarring grade, the majority of subjects (60%) had moderate disease at baseline. At week 24, ten of 18 subjects (55.6%) showed improvement of a 1-grade (N = 7; 38.9%) or 2-grade (N = 3; 16.7%) change from baseline (Fig. 1a) . Table 2 includes the ANOVA results for those subjects with complete data during the treatment phase (i.e. baseline through to week 24). These ANOVA results indicate that scarring grades at baseline (mean = 3.38) were significantly higher than those at week 24 (mean = 2.67), suggesting greater overall improvement in scarring.
Post-treatment data (weeks 48-72) specific to scarring grades were also collected on 16 subjects. Six to 12 months after treatment, an improvement was still observed in 50% of subjects (8/16), with seven subjects (43.8%) and one subject (6.3%) showing 1-grade or 2-grade improvement, respectively (Fig. 1a) . In order to examine potential significant differences between the treatment period and post-treatment follow-up, we further restricted our data analysis to include only those subjects for whom data were available at week 48-72 (Table 3) . ANOVA results indicated that scarring grades at baseline (mean = 3.43) were significantly higher (p \ 0.05) than those at week 16 (mean = 3.06), week 24 (mean = 2.62) and posttreatment week 48-72 (mean = 2.93).
IGA of Improvement
Full-face IGA of facial skin texture at week 24 reported varying degrees of improvement for all subjects (N = 18) with slight (N = 3; 16.7%), moderate (N = 6; 33.3%), marked (N = 3; 16.7%) or almost complete improvement (N = 6; 33.3%). At the week 48-72 follow-up, 11 subjects (68.9%) continued to show at least a slight improvement compared to baseline. Similarly, IGA of facial atrophic acne scars at week 24 reported improvement for all subjects, with slight (N = 4; 22.2%), moderate (N = 5; 27.8%), marked (N = 4; 22.2%), almost complete improvement (N = 3; 16.7%) or complete improvement (N = 2; 11.1%) (Fig. 1b) . IGAs of atrophic scar improvement at week 24 (mean = 3.67) were significantly improved over those at week 16 (mean = 2.77) (p \ 0.05), suggesting greater overall improvement in scarring (Table 2) . At the week 48-72 follow-up, a total of seven subjects (43.8%) continued to show improvement. Of these, four subjects (25%) showed slight improvement while three (18.8%) showed moderate improvement. ANOVA showed that post-treatment assessments (weeks 48-72) were significantly lower (mean = 1.62) than those at week 16 (mean = 2.81) and week 24 (mean = 3.75) (p \ 0.0001 for both). Moreover, significant differences were also noted between the week 16 and week 24 assessments.
Subject Global Assessment
The SGA for skin texture and atrophic acne scars improved in 83 and 89% of cases, respectively, at the end of treatment. At week 24, 15 of the 18 subjects (83.4%) reported that their facial skin texture had somewhat improved (N = 10; 55.6%) or much improved (N = 5; 27.8%). Such improvement was maintained at the week 48-72 follow-up in 14 of the 16 subjects followed up (87.5%). At week 24, 16 of the 18 subjects (88.9%) reported that their facial atrophic acne scars had somewhat improved (N = 14; 77.8%) or much improved (N = 2; 11.1%) (Fig. 1c) . At the week 48-72 follow-up, maintenance of improvement was reported by 12 of these 16 subjects (75.1%).
Lesion Counts
Lesion counts decreased over time for all scar types; however, none of the changes were found to be significant between time points (boxcar scars neared significance, p = 0.06; Table 2 ). Post-treatment data (weeks 48-72) on lesion counts were also collected on 16 subjects. No significant differences were noted between treatment and post-treatment lesion counts. 
Region of Interest
Clinical photographs of lesions prior to and during treatment are shown in Fig. 2 . The ROI is marked on the skin and close-up photos illustrate subtle volume and surface changes over time. The efficacy observed on the full face was also observed on the ROI in terms of acne scar counts. At baseline, subjects had an average of 18.7 atrophic acne scars in the ROI; at week 24, the mean count decreased to 11.8 atrophic acne scars. This decrease was maintained at the week 48-72 follow-up with a mean count of 11.9 atrophic scars.
Immunohistochemistry
Using the Bakos method [27] , immunostaining intensity scores were greater at the end of treatment (week 24) than at baseline for Procol-3 (2.19 vs. 2.00, respectively). In contrast, scores for Procol-1 did not show a similar elevation after 6 months of topical adapalene usage. These findings were not statistically significant. IHC using color deconvolution image analysis showed a non-statistically significant increase in staining over time for Procol-1 (p = 0.99) and Col-3 (p = 0.96) (Fig. 3) .
Transcriptomic Analysis
Evaluation of the gene expression profile of individual subjects from baseline to week 24 revealed a clear change in expression levels of retinoid responsive genes (e.g., CYP26A1, KRT19, KRT4, KRT2, TGM3 and DSC1) in five of seven subjects. Refined statistical analysis was (Quantificare SA, Valbonne, France) was used to collect two-dimensional (2D; B1, B2) and three-dimensional (3D; C1, C2) images of lesions performed on these five subjects. Ninety-five Affymetrix IDs, corresponding to 76 genes, were found to be modulated at week 24 compared to baseline, based on the criteria of a foldchange of [ 1.5 and p \ 0.05. Among these, change in the expression levels of several genes expressed in differentiated layers of the epidermis, including specific keratins (KRT13, KRT4), cornulin (CRNN), caspase 14 (CASP14) and components of the cornified envelope (SPRR3, IVL, CNFN) was observed.
Furthermore, treatment with adapalene 0.3% gel led to modifications in the expression of serine proteases and serine protease inhibitors. The expression of several serine proteases, including KLK6, KLK9 and KLK13, was upregulated along with that of members of the SERPIN family, suggesting an activation of the desquamation process.
In terms of dermal matrix macromolecules, both type I collagen alpha 1 (COL1A1) and type III collagen alpha 1 (COL3A1) showed higher, although not statistically significant, expression levels after 24 weeks of adapalene treatment compared to baseline.
Safety
A total of five AEs (tooth infection, skin bacterial infection, anxiety, wound dehiscence and hypertrophic scarring) were reported in five subjects (25%). None were deemed related to the study medication. Reported AEs were of mild to moderate severity and resolved without residual effects. Assessment of local tolerability showed a profile that was similar to that previously reported with adapalene treatment. The most commonly observed events were of mild severity and included dryness (N = 11; 55%), stinging/burning (N = 10; 50%), scaling (N = 5; 25%) and erythema (N = 3; 15%). There were no serious AEs, and none of the observed AEs resulted in treatment discontinuation.
Tolerability assessments showed that stinging/burning at week 10 (mean = 0.38) was significantly higher (p \ 0.0001) than that in all other weeks. The incidences of erythema and scaling were low over time, whereas dryness was higher and peaked at day 10 (mean = 0.33). However, none of these differences were statistically significant.
Subject-Reported Outcomes
In the subject satisfaction questionnaire, the vast majority of subjects (88.2%) were satisfied with the effectiveness of the treatment and reported that they would consider using this treatment again (83.3%). In addition, almost 90% of subjects (16/18) were satisfied with the rapid onset of efficacy. In terms of local tolerability, 13 of 18 subjects (72.2%) reported that they were not bothered at all by treatment side effects. Furthermore, 81.3% reported that the moisturizing lotion provided during the treatment was effective in reducing any irritation caused by the topical application of adapalene gel.
DLQI assessments were made at baseline and week 24. At baseline, 14 of 20 subjects (70%) reported impairment in quality of life with a mean DLQI score of 4.3. Following 6 months of therapy with topical adapalene, 10 of 18 subjects (55.6%) reported no impact on quality of life, while the remaining eight subjects (44.4%) reported only a small effect on quality of life. Overall, all subjects experienced little or no impairment on quality of life by the end of treatment, with a mean DLQI score of 1.3.
DISCUSSION
This exploratory study investigated the efficacy and safety of adapalene 0.3% gel in the treatment of atrophic acne scars. The findings indicate that topical adapalene 0.3% gel improves skin texture and the appearance of atrophic acne scars. Investigator assessments and subjects' self-evaluation were consistent. At the end of the study (week 24), the investigators reported a 1-or 2-grade improvement from baseline in more than half of subjects (55.6%) and at least a marked improvement in skin texture and atrophic scars in 50% of subjects. Subjects' assessments reported improvement in skin texture and atrophic scars in more than 80% of cases. Investigator assessments and subjects' self-evaluations of improvement in skin texture and scar improvement were maintained after the discontinuation of the treatment.
Similarly, clinical assessment of atrophic lesion counts within the ROI showed improvement. At week 24, all sub-classifications of atrophic scar types showed decreased counts. Although scar sizes decreased and scars became less noticeable, the sub-classification of scar counts did not decrease significantly. This may be due to a re-classification error as scars decreased in diameter. The classification of scar types according to the diameter of the opening on the skin surface meant that as scars improved (shrank in size), they were re-classified according to the pre-set definitions into the small scar category. For example, if a boxcar scar shrank in size due to treatment, it would be reclassified as an icepick scar. This may have affected change in total scar counts over time.
The IHC analysis using two methods showed increases in Col-3 staining (although not statistically significant) over time. For Procol-1, a similar increase from baseline to week 24 was observed with the Bakos method [27] (not statistically significant), but not with the computer-assisted image analysis. Overall, our IHC data supported our clinical observations and gene expression analysis.
Gene expression profile analysis correlated with the clinical efficacy observed. A clear gene signature of retinoid was observable in some subjects, validating the bioactivity of adapalene in the skin. Two subjects did not display the retinoid signature, and we hypothesize less than adequate compliance with twice-daily application. Potential retinoid receptor polymorphisms may account for this finding. Functional analysis of modulated genes between week 24 and baseline for five subjects resulted in a substantial change in the expression of several genes expressed in differentiated epidermal layers and involved in desquamation. This finding may reflect an increased keratinocyte turnover and altered differentiation leading to epidermal thickness.
All-trans retinoic acid has been shown to ameliorate the histological and clinical features of photoaging in numerous controlled clinical studies. Improved skin appearance is associated with reduced levels of collagen-degrading enzymes (MMPs) and increased collagen synthesis [20, 21, 33, 34] . Supporting these previous findings, the mRNA levels of COL1A1 and COL3A1 were slightly increased after 24 weeks of therapy with adapalene 0.3% gel. The clinical improvement of atrophic scars after adapalene 0.3% gel treatment could be concomitantly related to an increase in epidermal thickness and activation of collagen production.
Treatment was well tolerated with only mild dryness and stinging/burning reported by approximately 50% of subjects.
Subject-related outcome assessment indicated that, globally, subjects were satisfied with the study drug, in accordance with full-face clinical outcomes, while DLQI revealed improvements in subject quality of life following treatment.
The limitations of this study include the absence of a control group and the small population size. Since this was an exploratory study, the population size was empirical. However, it was considered to be sufficient to test the initial hypothesis.
CONCLUSIONS
In conclusion, daily use of adapalene 0.3% gel for the treatment of atrophic acne scars showed promising clinical efficacy, a favorable tolerability profile and improvement in quality of life. Further clinical investigation involving a larger number of subjects and a control group is warranted to corroborate these findings. full access to all of the data in this study and take complete responsibility for the integrity of the data and accuracy of the data analysis.
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